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A method for the preparation of pure amorphous Fe2O3 powder with particle size
of 25 nm is reported in this article. Pure amorphous Fe2O3 can be simply synthesized
by the sonication of neat Fe(CO)5 or its solution in decalin under an air atmosphere.
The Fe2O3 nanoparticles are converted to crystalline Fe3O4 nanoparticles when heated
to 420±C under vacuum or when heated to the same temperature under a nitrogen
atmosphere. The crystalline Fe3O4 nanoparticles were characterized by x-ray diffractio
and Mössbauer spectroscopy. The Fe2O3 amorphous nanoparticles were examined by
Transmission Electron Micrography (TEM), Differential Scanning Calorimetry (DSC
Thermogravimetric Analysis (TGA), and Quantum Design SQUID magnetization me
urements. The magnetization of pure amorphous Fe2O3 at room temperature is very low
s,1.5 emuygd and it crystallizes at 268±C.
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I. INTRODUCTION

Amorphous metal oxides have many important a
plications, including that in the fields of solar-energ
transformation, magnetic storage media, electronics, a
catalysis.1–5 Amorphous metal oxides can be prepare
by rapidly quenching the molten mixture of metal oxide
and a glass former, such as P2O5, V2O5, Bi2O3, SiO2,
and CaO,1,6–8 or by thermal decomposition of some ea
ily decomposed metal compounds.4,9 Amorphous metal
oxide thin films on a substrate can be prepared
means of ion beam sputtering, electron beam eva
ration, and thermal evaporation.10 So far, only a few
amorphous metal oxides, such as Cr2O3, V2O5, MnO2,
and PbO2 powders, have been prepared by means
thermal decomposition,4,9 but it is difficult to control
their purities. Other amorphous metal oxides are usua
in the form of hydrous oxides.5,11 The cooling rates that
are generally required for the preparation of amorpho
metals are 105–107 Kys. Since the thermal conductivi-
ties of metal oxides are usually much lower than tho
of the metals, faster cooling rates are needed to prep
amorphous metal oxides. This is the reason that gl
formers, whose purpose is preventing crystallization, a
added if the quenching method is applied. No pu
amorphous iron oxide has ever been reported as be
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successfully prepared. Suslick and his co-workers ha
reported the preparation of amorphous iron,12 amorphous
cobalt, and amorphous FeyCo alloy,13 as well as amor-
phous molybdenum carbide,14 all as powders having
nanometer size particles. These amorphous compou
were prepared by sonochemical means. The cooli
rates obtained during the cavitational collapse, which
the most important event in the sonochemical proce
are estimated to be greater than2 3 109 Kys and may
be as large as1013 Kys. The magnetic properties of
the amorphous iron nanoparticles were also studied
Suslick’s group.15 Following Suslick we have recently
been able to demonstrate that the size of the amorph
iron nanoparticles can be controlled.16 We have also
sonicated Ni(CO)4 and obtained amorphous Ni.17 In this
paper we report on our success in preparing amorpho
Fe2O3 using sonochemical methods.

II. EXPERIMENTAL

The preparation of pure amorphous Fe2O3 is sim-
ilar to that of amorphous iron; namely, pure Fe(CO)5

(Aldrich), or its solution in decalin (Fluka), is irradiated
with a high intensity ultrasonic horn (Ti-horn, 20 kHz)
under 1.5 atm of air at 0±C for 3 h. The product is
washed thoroughly with dry pentane. This method
 1997 Materials Research Society
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found to yield exclusively Fe2O3, while the other two
methods, using O2 instead of air, or washing the produc
in an inert glovebox, leave unreacted amorphous ir
as a product. The best method is therefore the one
which the entire preparative procedure is carried o
under normal air atmosphere.

III. RESULTS

Elemental analysis by EDX (Energy Dispersive X
ray Spectroscopy) shows that the resulting black powd
contains only the elements Fe, O, and a trace of
(estimated,2%). Conventional elemental analysis gav
a molar ratio of O : Fe ranging from 1.5 : 1 to 2 : 1
The higher ratio is due to the strong adsorption
oxygen on the resulting nanoparticles. To determi
whether anyFe12 ions exist in the product, we have
performed thea, a0-phenanthroline spot test.18 This
test gave a negative result for the amorphous pow
which is the sonication product, while positive resul
are obtained for commercial Fe3O4 as well as FeO. In
Fig. 1 we present the XRD patterns of (i) amorphou
Fe2O3, (ii) crystalline Fe3O4 which is obtained when the
amorphous Fe2O3 is heated in nitrogen to 420±C for 1 h
(the same pattern is obtained when the amorphous Fe2O3

is heated to 420±C under vacuum), and (iii) crystalline
g –Fe2O3 which is obtained when the amorphous samp

FIG. 1. XRD patterns of (1) amorphous Fe2O3, (2) crystalline Fe3O4

obtained by heating the amorphous Fe2O3 sample to 420±C in
nitrogen, (3) crystalline Fe2O3 obtained by heating the amorphou
sample to 420±C, and (4) commercial Fe3O4. (p) Please note that
these peaks should not appear in the spectrum if the Fe3O4 is of high
purity.
J. Mater. Res., Vol. 1
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is heated to 420±C in air. We have also added to this
figure the pattern measured for commercial crystallin
Fe3O4. The conversion of Fe2O3 to Fe3O4 by heating the
amorphous sample in nitrogen and in vacuum is to
expected, since it has been reported to occur in vacuum
250 ±C.19 The heating in air is avoiding the conversion t
Fe3O4 because the oxygen pressure shifts the equilibriu
toward the reactants. The XRD is measured on a Mod
2028 (Rigaku) diffractometer. The assignment is bas
on comparison to the ASTM cards.

The Mössbauer spectra (MS) is presented in Fig.
It was measured at 300 K using a conventional co
stant acceleration spectrometer. The57Fe MS was mon-
itored with a 20 mCi57Co : Rh source, and the spectr
were least-square fitted with one or two subspectra. F
ure 2 displays the MS spectra of amorphous Fe2O3 and
crystalline Fe3O4 which is obtained after heating the
sonicated product to 420±C under vacuum, and com-
mercial crystallineg –Fe2O3. For the amorphous sam-
ple, the central part of the spectrum exhibits only
broad doublet, which indicates clearly that no long-ran
magnetic ordering exists. The main information obtaine
from both visual and computer analysis is the presen

FIG. 2. Mössbauer spectra of crystallineg –Fe2O3, amorphous Fe2O3

(amorph.), and crystalline Fe3O4 (CR), obtained by heating the
amorphous Fe2O3 to 420±C in vacuum. The spectra were measure
at room temperature.
2, No. 2, Feb 1997 403
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of two or three quadrupole doublets, corresponding
nonequivalent Fe sites in the amorphous material. A
ficially, the doublet was fitted with one subspectra, wi
the following hyperfine parameters: isomer shiftsISd ­
0.42s1d (relative to iron metal) and quadrupole splittin
D ­ eqQy2 ­ 0.93s1d, and a linewidth of70s1d mmys.

The MS spectrum of the crystalline Fe3O4 reveals
hyperfine magnetic splitting, which is clear evidence f
long-range magnetic ordering at low temperatures. It a
provides an unequivocal identification of the produ
obtained from the heating of the amorphous Fe2O3 as
Fe3O4. The interpretation of the spectrum is based on t
well-established site assignment of Fe3O4 (magnetite).
In this structure theFe12 ions reside in the octahedra
site (B site), whereas 2Fe13 ions are distributed over
the tetrahedral (A site) and B sites. This spectrum
fitted with two sextets, and the hyperfine parameters
as follows. For the most intense subspectrum, who
intensity is 65% of the spectral area, which corr
sponds to theFe13 ions, the magnetic hyperfine field
is Heff ­ 457s2d kOe, andIS ­ 0.70s1d mmys. For the
sextet which is attributed toFe12 Heff ­ 485s2d kOe,
andIS 0.17s1d mmys. The fast electron-transfer proces
(electron hopping) between the Fe ions produces
completely averaged spectrum from these ions, which
not show a quadrupole effect. The recorded data are
good agreement with well-known hyperfine paramete
for Fe3O4.20

For the sake of comparison, the MS ofg–Fe2O3 is
also shown in Fig. 2. The fit of this spectrum yields th
following parameters:IS ­ 0.24s1d mmys and Heff ­
520s1d kOe, and the effective quadrupole splitting
20.20s1d mmys.

Figure 3 depicts the TEM picture of amorphou
Fe2O3 powder. There is no evidence for a crystallin
formation in this powder. The amorphous Fe2O3 is an
agglomerate of small particles with diameters of abo
25 nm. Most of these particles are aggregated in
spongelike form, and therefore it is difficult to determin
precisely the diameter of the individual particle. Th
mean size of the aggregates is about190 6 50 nm, as
determined by means of submicron particle size analy
(COULTER Model N4).

Figure 4 displays the DSC of amorphous Fe2O3.
The large exothermic peak at 268±C is attributed to
the crystallization of the amorphous Fe2O3. A similar
exothermic peak is detected for the crystallization of t
amorphous iron at 310±C.12 The heat of the transition
from the amorphous state to the crystalline state is ab
20 kJymole.

In Fig. 5 we present the TGA of amorphous Fe2O3,
as well as two other samples of Fe3O4 (a commercial
sample, and a second sample which is the result
heating Fe2O3 to 900±C in nitrogen), measured in a
magnetic field. The sharp drop in weight (or force
404 J. Mater. Res., Vol. 1
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FIG. 3. A TEM picture of amorphous Fe2O3.

FIG. 4. DSC curves of (1) amorphous Fe2O3 and (2) crystalline
Fe3O4, obtained by heating the amorphous sample to 420±C in
nitrogen. The heating rate is 10 Kymin. Nitrogen of high purity is
flown through the system during the measurement.
2, No. 2, Feb 1997
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FIG. 5. TGA curves in an external magnetic field of (1) amorpho
Fe2O3, (2) crystalline Fe3O4 obtained by heating the amorphou
sample to 900±C in nitrogen, and (3) commercial Fe3O4. The heating
rate is 10 Kymin, in high purity nitrogen.

at 575±C is due to the Curie temperature of Fe3O4.15

The peak observed for the Fe3O4 samples at 480±C
can also be detected in the amorphous Fe2O3 spectrum
at the same temperature. This is in accordance w
our findings that the Fe2O3 is decomposed to Fe3O4

in nitrogen at 420±C (or at even lower temperatures
The TGA measurements were carried out under nitrog
and despite a 10 Kymin heating rate, the material is
partly decomposed at 480±C and reveals a peak a
this temperature. The general loss of weight, which
observed in the amorphous Fe2O3 spectrum over a wide
temperature range, is due to its conversion to Fe3O4.

Figure 6 presents the magnetization loop of amo
phous Fe2O3. The magnetization of ferromagnetic mate
rials is very sensitive to the microstructure of a particul
sample. If a specimen consists of small particles,
total magnetization decreases with particle size, d
to increasing dispersion on the exchange integral.21 It
finally reaches the superparamagnetic state, when e
particle acts as a “spin” with suppressed exchange in
action between the particles. A theoretical descripti
of the magnetic behavior of materials consisting
interacting nanoparticles has already been reporte22

Thus, we expect to observe a difference between
magnetization of commercial Fe2O3 crystalline pow-
der and the amorphous sample. In fact, Fig. 6 clea
demonstrates this effect. The coercivity fieldHc and
J. Mater. Res., Vol. 1
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FIG. 6. Magnetization loops of (1) amorphous Fe2O3 and (2) com-
mercialg –Fe2O3. All the data are recorded at room temperature.

the magnetizationM of amorphous Fe2O3 at an external
field of 1.5 T are 25 G and 1.44 emuyg, respectively. For
the commercial crystalline Fe2O3, we find Hc ­ 340 G
and M ­ 1.7 emuyg. It is important to note that we
could not detect a saturation of the magnetization
a function of the field or a hysteresis for the amo
phous Fe2O3. The crystalline Fe2O3 shows, however, a
distinctive hysteresis. This provides additional eviden
that we are dealing with a superparamagnetic mater
Moreover, at room temperature and a magnetic fie
sweep rate of 35 Gys, our sample is still above the
blocking temperature; the compound is not in the sp
glass regime. For these reasons, we conclude that
sample consists of nanoparticles small enough to exh
a superparamagnetic behavior. The magnetic beha
of amorphous Fe2O3 is similar to that of amorphous
Bi3Fe5O12, which is known to be superparamagnetic7

This is related to the particles’ small size and their bei
single domain and superparamagnetic.2
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